Thermooxidative degradation of poly(vinyl chloride) (PVC) is inevitable during processing of PVC. Recycling of this polymer requires reprocessing in most of the cases, and due to the low thermal stability of PVC, it is of paramount importance to reveal the effect of thermooxidation on the thermal stability of this commercially important polymer. However, detailed systematic investigations are lacking on this crucial problem. In this study, the thermal behavior of PVCs thermooxidized in dilute dioctyl phthalate (DOP) (di(2-ethylhexyl) phthalate, DEHP) plasticizer was investigated by DSC, thermal gravimetry and isothermal degradation under inert atmosphere. It was found that thermooxidation leads to PVCs with certain extent of internal plasticization by DOP chemically bound to the PVC chains and by the oxidized chain segments as well. These striking results also indicate that the decreased thermal stability caused by thermooxidation in the course of the primary processing of this polymer should be taken into account in order to efficiently stabilize PVC products for reprocessing and recycling.
Introduction
Poly(vinyl chloride) (PVC) is one of the most widely used commercial polymers. It is produced in the third largest amount among polymers in quantities over 35 million tons per year worldwide. Its increasing production and use is mainly due to the availability of cheap starting materials, economic production and board application possibilities from soft rubbery to hard materials, and in part to its safe storing capacity of chlorine, harmful to the environment and health, which is produced simultaneously with NaOH by salt electrolysis in very large quantities (1, 2) . However, the increasing demand for PVC has led to the problem of handling more and more PVC waste. Disposing used PVC products to the landfill increases the amount of permanent waste because it does not break down in the environment. Incineration and pyrolysis of this polymer requires significant circumspection due to the elimination of corrosive HCl by heat from the PVC chain and to the potential formation of toxic substances. Therefore, recycling of PVC wastes has become a central problem of polymer science and technology in recent years (see e.g. Refs 3-9 and references therein). However, reprocessing of already processed and used PVC arises several fundamental problems, especially the effect of structural changes that occur in the polymer chain during the primary processing and the subsequent use of the polymer products on its thermal stability and degradation behavior.
It is well-known that in addition to the advantageous properties and versatility of PVC, it has poor thermal stability and severe degradation may occur even at processing temperatures and during applications (see e.g. Refs. 1,10-26 and references therein). It is noteworthy that although the thermal degradation of PVC and its composites in inert atmosphere has been widely studied since the second half of the last century, the mechanistic details of this process has not been revealed fully yet. It is well established that the primary process of PVC degradation is the zip-elimination of HCl and simultaneous formation of conjugated double bond containing sequences (polyenes) in the polymer backbone (10) (11) (12) (13) (14) (15) (16) (17) . It is also known that in addition to initiation of this degradation process by slow elimination of HCl from regular vinyl chloride monomer units in the chain (10) (11) (12) , allylic and tertiary chlorine containing defects, as proved by degradation of PVCs with deliberately introduced amounts of such irregularities (10, 11, 18, 19, (38) (39) (40) (41) (42) , have significant contribution to the thermal instability of this polymer. However, conclusive evidence is still lacking whether the thermal zipelimination of HCl in inert atmosphere takes place by molecular, ionic or radical mechanisms. The termination mechanism of this chain reaction is also unclear. Above the processing temperature, the thermal decomposition (pyrolysis) of PVC occurs in two major steps. First, HCl eliminates from the polymer in conjunction with the simultaneous formation of polyenes in the chain accompanied with the evolution of low amounts of volatile organic compounds up to about 330 o C (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) . In the second step above this temperature, the breakdown of the remaining material leading to various compounds takes place (27-30). Investigating this process by thermal gravimetry has been widely used for determining the thermal stability of a large variety of PVC mixtures, composites and products (see e.g. Refs. 20-29 and references therein). However, while intensive research has been carried out on thermogravimetry with primary PVC products and corresponding experimental samples, only few studies have dealt with the thermal analysis of recycled PVCs (21) (22) (23) . The results of the existing investigations clearly indicate the complexity of the degradation process of such PVCs, because of the different kinds of additives and processing conditions commonly used for PVC production have significant influence on the degradation reactions, thus on the stability of PVCs considered for reuse and reprocessing during recycling. Surprisingly, there is an important aspect which is usually not considered in the thermal analyses of PVC products at all. This is the effect of oxygen on the structural changes of PVC occurring during processing or in the course of sample preparation in air, such as roll milling, ball milling, calendering, extrusion, blowing, injection molding, curing, pressing etc. Taking into account such effects might be cumbersome not only in data evaluation but in processing and especially recycling of PVC wastes as well. In the latter case, the thermal stability of the recycled PVCs is of paramount importance for the reprocessing and application possibilities of such materials. These changes occur in the case of every PVC products processed in air, so it is very surprising that according to the best of our knowledge systematic investigations on the thermal behavior and stability of PVCs which underwent thermooxidation has not been reported yet at all. The reasons may be connected to the difficulties of data evaluation arising from solid sample preparation which results in ill-defined effects of different parameters, such as the effect of the pretreatment, mechanical degradation, preoxidation, inhomogenities, the presence and the effect of additives etc. Then, the inseparable superposition of the different effects of the prehistory of the sample determines the thermal behavior of the PVC samples. Therefore, our approach tries to avoid these sample preparation problems, and PVC samples pretreated in dilute solution were investigated, and thus such studies can be considered as model experiments that may open the road to investigations of more complex systems, such as PVCs manufactured according to industrial recipes. Exploring the degradation and stabilization of PVC in dilute solutions has already been applied by us, and such studies have provided several fundamental results on the initiation of degradation of PVC (10) (11) (12) and led also to the formulation of the reversible blocking mechamism of PVC stabilization (13, 14) .
In a previous study (31), we have shown that thermooxidative degradation of PVC in dilute dioctyl phthalate (DOP) (di(2-ethylhexyl) phthalate, DEHP), the most widely used plasticizer for PVC, leads to severe chain scission (even to oily products) and partially oxidized PVCs under mild conditions in oxygen atmosphere at 200 o C as analyses of the thermooxidized polymer by gel permeation chromatography, FTIR and NMR spectroscopies indicated. Since the large majority of PVC production takes place in air at around this temperature, the resulting PVCs obtained in this process might be considered as model polymeric materials to gain substantial information on the effect of thermooxidative treatment, such as processing in the industrial practice, on the thermal stability of such PVCs. Herein, we report on our unprecedented findings on the effect of thermooxidation of PVC in a plasticizer on its thermal behavior.
Experimental

Materials
A suspension PVC (S5070) (Borsodchem Ltd., Hungary) and dioctyl phthalate (DOP) (Aldrich, 99 %) were used in our experiments. DOP was purified by passing through a chromatography column of neutral alumina. Tetrahydrofuran (puriss.) and hexane (96 %) (Molar Chemicals Ltd., Hungary) were used as received.
Sample preparation
The PVC samples were treated in dilute (1% w/v) dioctyl phthalate (DOP) solutions in oxygen with a flow rate of 5 dm previously (31). After this thermooxidative degradation process, the samples were precipitated first from DOP then from THF into n-hexane to remove the residual phthalate. Finally, the precipitated samples were dried to constant weight under vacuo at room temperature.
Analysis methods
The evolution of free HCl was monitored on-line with a Metrohm PVC Thermomat 
Results and Discussion
Processing at elevated temperatures and use of PVC take place in air, that is in the presence of oxygen. Therefore, the influence of these effects, especially thermooxidation, on the thermal stability of PVC for a variety of applications and especially for reprocessing in the course of recycling should be taken into account.
However, surprisingly systematic studies on this phenomenon cannot be found in the Samples with degradation times of 0.5, 1, 1.5, 2 and 3 hours were prepared. The molecular weight data and polydispersities of the resulting degraded polymers are shown in Table 1 (33) on chemically phthalated PVC, but in this case phthalate-based thiol additives had to be prepared first by a multistep reaction route. Our degradative modification is a onepot, simple process under mild conditions. As shown in Table 1 and Figure 4 , the T g of the PVC decreases by ~14 o C even after 30 minutes thermooxidative treatment.
Increased reaction times up to about 1.5 hours does not result in further decrease of T g .
Longer degradation times yield PVCs with further decrease of T g , by ~22
o C for the sample oxidized in DOP for 3 hours. This decrease of the glass transition temperature upon thermooxidation in DOP can be attributed to both the DOP coupled to the polymer chains and to the effect of partially oxidized polymer segments as internal plasticizers.
These findings indicate that PVC degraded during processing in air might have significantly lower T g s than that of the starting materials. This effect might be useful for reprocessing purposes.
Undoubtedly, one of the major properties of PVC is its thermal stability which is a determining factor not only for the primary processing but also for reprocessing during can be concluded that even low level of oxidation during processing and use may lead to significant decrease of the thermal stability of PVC. Taking into account the existing results on the thermooxidative degradation process of PVC (11) (12) (13) (14) 31, 32, (34) (35) (36) (37) , it can be considered that decomposition of peroxides formed by oxidation of polyenes and the main chain might be predominantly responsible for the lower decomposition temperatures of the thermooxidized polymers. As reported earlier (11, 14, (34) (35) (36) (37) , initiation of zip-elimination of HCl by radicals formed by oxidation of polyenes is the major factor which results in higher rates of PVC degradation under thermooxidative conditions than that of under inert atmosphere.
In Figure 5 , it can also be seen that the decomposition of all the PVC samples occur in two distinct stages in accordance with literature data (see e.g. Refs. 11,20-28).
In the first step, mainly HCl eliminates form the chain and simultaneously some other, lower amounts of volatile compounds are also formed (11) . This is well indicated by the fact that the weight loss in this first stage is larger that that expected by exclusive quantitative HCl loss during this phase (the weight loss corresponding to quantitative HCl loss from the starting PVC is indicated by the dashed line in Figure 5 ). In the second stage, the increase of the temperature leads to the breakdown of the material remaining after the first phase of decomposition.
In order to have a better insight into the degradation behavior of thermooxidized PVCs, the thermogravimetric (TG) and differential thermogravimetric (DTG) curves are plotted in Figure 6 separately for each sample. Comparing these curves and the data in Table 2 for the temperature values of the first minima (T m1 ), indicating the maximum decomposition rates, it can be seen that there is a significant shift to lower temperature values upon thermooxidation by about 20-40 o C, and T m1 decreases with increasing oxidation time. Thus, the T m1 values also confirm the remarkable decrease of the thermal stability of PVCs with thermooxidation prehistory. The DTG curves also indicate that a rapid decomposition is followed by a slower degradation process with lower amplitude. This latter corresponds mainly to the formation of volatile compounds by secondary processes of the polymer in the chain (11) . As Figure 6 Figure 7 . The rate of HCl loss of the thermooxidized PVC is significantly higher than that of the starting, untreated polymer. This is an additional proof for the decrease of thermal stability of PVC upon thermooxidation.
Conclusions
In industrial practice, processing of PVC takes place in the presence of air at elevated temperatures leading to inevitable thermooxidation of the polymer to certain extents. In order to study the effect of this process on the thermal stability of PVC, which is of paramount importance in relation to effective stabilization for processing and especially reprocessing during recycling, the thermal degradation of PVCs treated thermooxidatively in dilute DOP solutions was investigated by thermogravimetry and 
